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ABSTRACT
Processors are present in almost all the electronic components available in the market now.
As they perform trillions of operations per second and are complex internally. This project
is to build building modules for students, who will be able to develop their own processor.
The main idea is that this will help students to experience the detailed workflow of a
processor and focus on design and development instead of spending time on wiring and
soldering. Different components such as Program Counter, Instruction Register, Memory,
Multiplexer, Adder and transceivers are designed and printed as individual modules on
printed circuit boards (PCB’s). Eagle tool is used to design the individual circuit modules
and after physically testing the design using electronic hardware, the designs are sent to
the PCB manufacturer. After they are received, boards are soldered with the appropriate
electronic components and tested again as a block. These building blocks are given to a
group of both computer science and non-computer science students for feedback. This will
be a productive teaching approach for Computer Architecture and related courses.
KEYWORDS: building modules, soldering, printed circuit boards, Computer
Architecture
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ABBREVIATIONS

Abbreviation
CPU
EDA
EEPROM
ENIAC
ERC
FPGA
IC
IR
LED
PC
PCB
PDP 1
RTL
MIPS

Explanation
Central Processing Unit
Electronic Design Automation
Electrically Erasable Programmable Read-Only Memory
Electronic Numerical Integrator and Computer
Electrical Rule Check
Field Programmable Gate Array
Integrated Circuit
Instruction Register
Light Emitting Diode
Program Counter
Printed Circuit Board
Programmed Data Processor 1
Register Transfer Level
Million Instructions per second
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CHAPTER 1: INTRODUCTION
Understanding
Many electronic devices such as laptops, mobiles, iPads, home computers, televisions,
VCRs, DVD players, microwaves, toasters, ovens, stoves, laundry machines, stereo
systems, game devices, thermostats, video game systems, alarm clocks, dishwashers, home
lighting systems, refrigerators, cars, medical devices, traffic controllers [1] and none the
least, use a processor or two to do their job effectively. What does a processor actually do?
It provides the instructions that multiple applications and processes need to perform their
tasks in a system, sometimes across the systems. A processor, or "microprocessor," is a
small chip that resides in computers and other electronic devices. Its basic job is to
receive input and provide the appropriate output. While this may seem like a simple task,
modern processors can handle trillions of calculations per second. [2]

Figure 1 8-bit processor circuit
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For example, if a person is driving a car, that person will have to make sure the car wheels
go on the correct side of the road, start and stop according to the signals, slow when
approaching a bump, maintain speed limits accordingly, shift the gears when necessary,
take detours if needed, use breaks or horn in appropriate situations etc. So, a person is a
processor who is initiating these controls for a successful destination based on the inputs
he is detecting from outside alerts.
Objective
As processors are this important and can make wonders at all places, this project to
understand processors and to create its models using various hardware components will
benefit students in future to actually build a processor of their own. It will give them a
strong knowledge on how any electronic computing device around them is working. It will
also benefit them with the experience of physically putting these models together instead
of limiting themselves with simulation. By which, they will experience and develop
interesting questions which they overlooked when doing the same using a simulator. As
this project is about building blocks such as PC, Memory, IR, Mux, Adder, Transceiver for
a processor, students can be given simple laboratory assignments to get familiar with the
blocks and controls. The whole idea is to broaden the student’s thinking and be creative to
build their own instructional processors.
As fabricating chips costs millions of dollars, we can create our own processors using chips
and print the circuit board. If say 50 of these models were printed, students can work on
them instead of working on circuit wiring. This thesis is a continuation from the previous
semester’s directed study which was under the same faculty supervisor Dr. Black. As a part
of the previous work, understanding the technology behind generations of computing
4

devices, drawing schematic diagrams for key components such as Register, Adder,
Memory, Program Counter and Multiplexer using Eagle tool and building the circuit on
breadboard are accomplished. Hence, this thesis started with testing the functionality of the
circuit by passing instructions and sending the Gerber files of updated schematics for
Printed Circuit Boards so that students will be able to use them in building their own
processors. PCB’s are then tested and confirmed of their functionality to get feedback from
both computer science and non-computer science students.
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CHAPTER 2: BACKGROUND
Evolution
Early processors are mechanical components like Abacus, time calculating devices,
distance calculating devices, latitude and longitude estimation devices. [3] As the world is
developing with the invention of electricity, people started inventing electro-mechanical
computers using relays, an example: Harvard Mark I. Relays which are like water faucets,
the current flows when the control wire is electrified and off, when not. Later from 19421955, vacuum tubes were invented which led to the first truly general purpose
programmable electronic computer ENIAC. It is the first-generation computer. It can
perform thousands of arithmetic operations in seconds, but the vacuum tubes are fragile
and prone to failure.

Mechanical Relays are huge, heat producing and can’t be

programmed. Then came transistors from 1955-1964, forming second generation
computers. They are fast, small as 50 nm and not fragile. Best example would be PDP-1.
To use these transistors for performing operations, these are combined and formed as logic
gates, which are even more lighter components. The transistors are hugely reduced in size
to fit in logic gates and perform these operations, making them a third generation from
1964-1975. These gates are used to build chips like Adder, and you can use the appropriate
chip dependent on what operation you would like to perform. PDP-11 is the best example
for a third-generation system. From 1975, people entered fourth generation with the
invention of processors. All current electronic devices have processor’s in them and hence
they are the fourth-generation devices. The images of the generations of computers are
mentioned in the picture below. [4]
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Figure 2 Generations of computers

Inspiration from related work in teaching
Over the past few decades, research scholars across countries have found many ways to
make courses such as computer architecture and computer organization as practical as
possible. From the professors who built their own simulators [5] [6] for building and testing
digital circuits to the professors who used hardware kits like RaspberryPi, Arduino, FPGA
[7] [8] [9] [10] [11] to dump their code and explore the limits of teaching in the form of
different projects, all of them tried to teach this subject as dynamic as possible. There are
a few researchers that focused on comparing the different ways as well, such as software
vs hardware or the way of teaching in developed countries vs others [12] [13], integrating
and updating the course structure for being up to date [14], comparing different tools such
as Logisim, Eagle, WebMIPS, Cedar, CPU Sim, Little Man computer, RTLSim, EasyCPU
[15] [16] gave a good amount of knowledge in understanding ones strengths and
weaknesses and at the end it all depends on the processors requirements that a specific
format is followed. There are also a good number of people who see fun in making their
7

own processors by using online resources, example: Ben Eater’s 8-bit computer. [17] In
the comments in his page, there are a few people who found his work inspiring and
provided links of their own work.
Even though there are many forms of teaching methodologies, each of them unique in their
own way, the students experience of the physical building of a processor that introduces
them to the actual complexities that can be raised only when building it is essential. So,
this project to create a processor’s building blocks will take the students on a journey of
exploring the usage of different components in order to build their own processor. The
project idea is accredited from Dr. Black after the discussion on unique ways of teaching
computer architecture.
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CHAPTER 3: BUILDING
Components
After conceptualizing the initial flow of the processor, Eagle which is an electronic design
automation (EDA) software, is used to layout schematics as per the design idea and check
if its functionality is as expected. Eagle is also used to generate Gerber files at the end, to
send them to a manufacturer for PCB manufacturing. To implement the same on a
breadboard, components such as Program Counter, Memory, Registers, Multiplexers,
Adder, Transceivers, switches, LED’s inbuilt with resistors, multimeter, TL866II
programming device, power board, bread boards, wires and wire cutter are used. A special
software called MiniPro Programmer is used to write hexadecimal instructions into the
memory.
Program Counter, a special purpose register is used to point to the instructions in
memory one by one so that the pointed instructions get stored in an Instruction register for
further execution. It is used as a set of two 4-bit Integrated Circuits (IC) 74LS161’s to serve
8-bit instructions.
Memory unit is 28C16 8-bit EEPROM memory IC, to read the instructions using
PC in early stages. Later on it can be used to store some output values from other
components or store any addresses depending on the complexity. EEPROM stands for
electrically erasable programmable read-only memory which is why it is easy to override
our previous instructions at any memory location. Instructions are dumped or written to
memory in the form of hexadecimal values using MiniPro software.
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Registers are used in two ways. Instruction Register to hold the instruction one at a
time from memory for further execution. Storage Registers which act as a quick storage
for processors to read and write values depending on the instruction. And there is a
Temporary Register which is used only when necessary. The 8-bit register being used for
all these types here is 74LS377 which is a D-Flip flop combined with a transceiver
74LS245 to expand the usage.
Multiplexers or mux, also known as data selector, a set of 2 4-bit muxes named
74257 are used. Each holds two 4-bit inputs and sends a single 4-bit output which is one
of the inputs given. It has an active low enable pin which is connected to ground all the
time. A selection pin which can be either 0 or 1 for it to pass the first or second input.
Transceivers are electronic devices that can both transmit and receive
communications. 74LS245 is being used to serve this purpose. It has 8 input and output
bits each. It also has an output enable pin which enable or disable the internal content to
reflect on output pins. This electronic component plays a crucial role in handling hardware
complexity and flow of multiple inputs into any device.
Adder, a set of 2 4-bit full adders are used named 74283 to add its inputs and send
the output for further execution.
Switches, LED’s are used to control and observe the components functionality in
the processor. Multimeter is used for testing the flow or connectivity of two pins at a time.
TL866II programming device is used to dump the instructions using MiniPro
programmer. Power board, bread boards, wires and wire cutter are accessories for power
supply and wiring.
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Workflow
Design approach: In order to understand how to create building blocks of a
processor, a simple example of an ADD operation is taken as a model. To ADD values
from any two registers, two multiplexers are used to choose from two registers accordingly
and inputted to an Adder. As processors require PC and memory to monitor and store
instructions and its results, an instruction register is used to load the instruction one at a
time for further execution. This is the basic idea of how a custom processor should perform
the ADD operation.

Figure 3 Block diagram of ADD operation

Likewise, a set of operations such as SLI (to store values in registers), ADD (adding them),
MOV (to move around values as needed), JALR (to jump among instructions) are
implemented. A, B are storage registers, C is a temporary register, couple Mux’s to choose
from inputs, few transceivers to control the outputs, a defined control path that enables or
disables a chip using switches.
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Figure 4 Block diagram of the circuit mentioned in Appendix C

Schematics: These are useful in testing the digital version of the circuit by imitating
the circuit flow. There are various tools such as Logisim, x86 simulator, WebMIPS to
design and simulate the digital circuits. Eagle is used to design the schematics and check
the digital functionality if the design in the above step works as expected or not. It is an
electronic design automation (EDA) software that lets PCB designers seamlessly connect
schematic diagrams, component placement, PCB routing, and comprehensive library
content [18]. After all the edits and testing on the board, Eagle generates the Gerber files
which are very essential in printing our own circuit board. The schematic diagrams of each
component above are mentioned in Appendix A in detail.
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Circuit wiring: is based on the schematics to rebuild on a breadboard with physical
components to fuel the functionality with real power supply. This is where all the
components come into picture. Below is a diagram of the physical circuit. Generally,
Computer Architecture classes are taught using online simulation tools and/or Arduino
kind of boards to make students familiar with the functionality of different electronic
components that are helpful in performing certain tasks to achieve a larger goal. This kind
of teaching helps students to use the knowledge in building one of their own and getting a
feel for it. Building a processor from the ground up such as wiring and soldering the internal
of a block takes lot of time and patience. So, to make it easier for students and make them
focus on the basic functionality, the below circuit is divided into building blocks in a way
that those blocks will be useful for any kind of processor a student wants to build. As
processors have common components, these blocks can be connected among one another
to make a whole processor. The detailed wiring with pin to pin arrangement is mentioned
in Appendix C.
Board view: After making sure the circuit works, the schematics are updated with
the changes and again tested for errors using ERC. The schematics are then converted into
boards in Eagle using switch to board option. As it is always recommended to follow a
design rule to test the board layout, a design rule called voltera.dru which is available online
is used to test the board layout for errors. The board layouts are mentioned in Appendix B
for each component.
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PCB manufacture: As the boards are ready, Gerber files are generated in Eagle
itself and sent to the chosen manufacturer for PCB’s. The Gerber files (.grb files) are
uploaded in JLCPCB.com website and an order is placed outlining all the requirements like
width, count, color, etc. After seven business days of placing the order, the PCB’s were
received in a vacuum-packed container with bubble protection.
Soldering and Testing: The bare boards include the holes for the respective
components. The physical electronic components such as IC’s, resistors, sockets, LED’s,
header pins are soldered in the appropriate positions. Once the boards are soldered, they
are tested both individually and as a whole using wires and the power supply board. The
mistakes, if any, during PCB manufacture are corrected and tested to confirm the
functionality. The entire setup is then tested in phases with some students at different
levels.

Figure 5 PCB modules after soldering
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Figure 6 First Instruction SLI A,0 passed from Memory to IR

Figure 7 Transceiver and Register A performing shift to store value in A

Figure 8 A=2 where 74245 is yet to be enabled for further execution
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CHAPTER4: DISCUSSION
Students Test
The initial circuit with the modules is given to a test group containing faculty from
computer science and students from both computer science and non-computer science. The
reason for the involvement of the non-computer science students is to know how complex
the processors are for them vs how understandable and worthwhile this project is. The
computer science students feedback also plays a crucial role in the future syllabus to know
where to incorporate labs and projects. They were given a set of instructions to store value
into a register as follows with some introduction,

16

Figure 9 Step by step instructions of test lab

A much easier representation of these instructions is as follows with respective blocks
lights being on/off.

17

Steps

1

Program
Counter
(PC)
S2 – ON
S1 – ON

Memory

Instruction
Register
(IR)

SLI_
Transceiver

Mux 1

A

00000000
(observe
memory)
2
3

4

11000000
(SLI A=0)
S4 – ON
S3 – ON
Clock it
(observe
PC, mem,
IR)
10000000 11000010 11000000 S5 – ON
(SLI A=2) (SLI A=0) (observe the
4 high bits,
0
value
from IR is
stored)0000

5

Selection
pin set to
IR[rd] by
default, A
is
the
output

6

01000000 11000100 11000010
(SLI B=0) (SLI A=2)

00000010

7

11000000 11000111 11000100
(SLI B=3) (SLI B=0)

00000000

S9 – ON
S8 – ON
Clock it
(observe all)

00000000
Clock again
(observe all)
00000010 = 2

Table 1 Step by step visualization of values

In the same way, below is an example lab performing an ADD operation between two
registers. The add can be either adding values from two registers such as ADD A, B, where
A and B are two registers or adding a value from a register with a defined 8-bit value such
as ADD A, 2.
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Figure 10 Step by step instructions for ADD operation

In this way, sample labs for each functionality can be created and used as tasks for students
to get familiar with the individual component and the flow of instructions.
After asking the students to take a short exercise as above, the students were asked the
following questions.
1. How comfortable did you feel in doing the exercise? Are the instructions clear?
2. How was the experience of understanding the internal flow of a processor?
3. Do you think this kind of a lab would help students taking computer architecture
understand the course better?
4. Any improvements? And overall feedback.
Survey Results
The master’s level computer science students who had taken related subjects prior were
much more comfortable and had mentioned that they didn’t learn these subjects in this
fashion, they found that this type of an approach would be amazing for prospective
students. The non-computer science students realized the complexity of the processors and
felt encouraged to understand them in this way. They thought a project of this type for
students to understand the processors and making them able to create one is fascinating.
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Professors, contractors and other friends thought that teaching in this complex area as
processors should be taught as practically as possible for students to better understand the
concepts and contribute to the field in the future. They believe that this is such a project
and also the students need to have prior knowledge by taking basic courses. Below are
some comments from them,
CS students comments

Non CS students comments

The instructions are clear enough. It was very In the beginning I felt lost in all the
good since you can see every step right in front of wires and connections. Later on,
you. This makes it easier for the student to following the instructions one by one
understand what’s happening under the hood.

made it clear. All I understood is that
I am controlling the circuit with some
switches and every time a light is on,
it represents something.

As a Computer Science student, I feel like this It is a nice experience to do the
would be a more practical and intuitive way for exercise. This gave a feel for
students to learn Computer Architecture

processors which we always talk
about but not sure what happens in its
inside.

This way of learning helps students to think I think this will be more helpful for
beyond theory and fulfills the objective of computer science students as this is
learning

processors.

Having

introductory their area and I realized processors

sessions before introducing this will benefit job is lot more complex than what I
students a lot.

thought it could be.

It is an interesting experience. It brought me This

is

great

doing

something

memories from my undergrad, where we used extremely different like this. A short
breadboards, transistors, resistors to build and introductory session would help
test electronic circuits in lab.

better understand the instructions.

Table 2 Feedback
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CHAPTER 5: CONCLUSION AND FUTURE WORK
Conclusion
In this way, processor models are used for teaching so that students will be able to build
their own minimalized computers. The work started with laying out schematic and board
views, and then replicated the same on a breadboard to test. The circuit is expanded with
the input instructions and tested again. Finally, the designs are updated according to the
test functionality and sent to PCB manufacturer. These boards are then soldered and
connected accordingly to test the whole functionality.
As Computer Science students, it is very essential for students to see and experience the
conversion, transfer and flow of values in a processor. This project aims to bring that
practical experience to them.
Future work
To use these modules for prospective students, a well-designed level-based labs should be
created which will give the students the knowledge they need before building their own
processor as a major project. Also, currently there are modules which can serve only 5
students. In order to make this available to the entire section, those many boards of each
module need to be ordered using the same designs. Simple and understandable labs should
be created for students to get used to the blocks initially. Once these are accomplished, this
can be implemented in the actual teaching to teach computer architecture and such related
courses for students.
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